Background: Real-time three-dimensional echocardiography (RT3DE) is a promising method for accurate assessment of left ventricular (LV) volumes and function, however, pediatric reference values are scarce. The aim of the study was to establish pediatric percentiles in a large population and to compare the inherent influence of different evaluation software on the resulting measurements.
Echocardiographic assessment of left ventricular (LV) size and function is one of the most important tools in pediatric cardiology: it is essential for diagnosis, prognosis, and management in various congenital as well as acquired heart diseases. [1] [2] [3] [4] Accurate and reproducible LV volume measurements and assessment of the ejection fraction (EF) in particular play an essential role in daily echocardiographic examination and decision making. 5, 6 Real-time three-dimensional echocardiography (RT3DE) with matrix transducer technology has become widely available for the assessment of cardiac anatomy and function and has been proven to be superior to conventional two-dimensional methods with regard to accuracy and reproducibility of LV volume calculations. 2, [7] [8] [9] [10] [11] Further improvement of matrix technology with transducers of small aperture and improved near-field resolution by X7-2 and X5-1 transducers (Philips, Andover, MA) have led to the increased application of 3DRTE in children. However, although there is widespread clinical need for the calculation of 3D-related volumes, pediatric reference values derived from a large normal population are currently lacking.
For 3D volume calculation, several clinical software programs with a variety of postprocessing options and different benefits have been developed. 12 Currently, the most commonly used software programs for 3D quantification of the pediatric left ventricle are the vendorindependent software TomTec (TomTec, Unterschleissheim, Germany) and the vendor-specific QLab (Philips, Andover, MA), which can only be used for 3D volume data sets obtained by Philips ultrasound scanners. Both apply semiautomatic endocardial border-tracking algorithms and offer the opportunity to calculate values quickly, reproducibly, and in a practical workflow. Up until now, data regarding the intervendor agreement and consistency between the two software types have been limited to a small number of healthy children, as well as children with a single ventricle. 13, 14 The primary aim of our study is to provide reference values for LV indices in a large cohort of healthy children. In order to investigate whether a set of universal reference values could be applicable for both quantification software algorithms, intervendor agreement and the influence of different contour-finding adjustments were assessed for QLab as well as TomTec.
METHODS

Study Design and Data
In a prospective multicenter design, 497 children and adolescents from birth to 18 years of age were enrolled to undergo RT3DE of the left ventricle between April 2011 and November 2013. Normal cardiac anatomy and function as well as sinus rhythm were a precondition and confirmed by physical examination and echocardiography, according to standard recommendations. 1 The study was approved by the local ethics institutional review committee (Registration No. 226/ 06) and representative boards of all participating centers and conformed to the principles of the Declaration of Helsinki as well as German law. Written consent was given by the legal guardian or in person by young adults. Examinations were performed at three different centers by five different operators with five different sonographic units from the same manufacturer (iE33, Philips, using the transducers X7-2, n = 285; X5-1, n = 6; and X3-1, n = 6). Prior to the start of the study, standardization of the acquisition procedure including presets and operator training took place. Insights regarding the use of real-time 3D matrix transducers 15 and restrictions in spatiotemporal accuracy of RT3DE in pediatrics 16 were incorporated into the acquisition procedures. Measurement accuracy of the ultrasound scanners was validated using calibrated, static, tissue-mimicking phantoms 17 as well as moving phantoms. 16 In the core lab in Bonn, all data were reviewed and quantified. Results were compared to the gold standard, cardiovascular magnetic resonance imaging (CMR), performed on volunteers (22 cases: 20 children, mean age 12.3 years, and two adults, ages 22 years and 43 years). Due to ethical reasons, CMR on young healthy children requiring sedation was not performed.
Real-Time Three-Dimensional Echocardiography
Image Acquisition. Image acquisition was implemented from an apical window based on standard recommendations. 18 A fullvolume scan was acquired from four to seven R-wave triggered subvolumes during end-expiratory breath holding when necessary. Blinded 3D data sets were stored in a DICOM format on a DVD and sent to the core lab. In the core lab, the quality of the 3D data was rated, and any data sets containing artefacts due to movement, arrhythmia, or incomplete depiction of the left ventricle were excluded. Only those data sets that could be interpreted sufficiently, with complete delineation of the left ventricle and without disturbing artefacts, were processed and transferred to two different offline workstations ( Figure 1A , 1B).
Data Analysis with QLab 9.0. Three-dimensional data sets of the LV were analyzed using offline QLab Version 9.0 (3DQ Advanced software, Philips). After initially adjusting a proper four-chamber view, the end-diastolic frame, presented by the one with maximum LV volume, was first determined. Ventricular trabeculae and papillary muscles were included in the LV cavity. Next the end-systolic frame showing the smallest volume, respectively the frame before mitral valve opening, was selected. After subsequently setting five points, at the apex, septal, lateral, anterior, and mitral annulus ( Figure 1C ), the cardiac cycle as well as minimal end-systolic volume (ESV), maximal end-diastolic volume (EDV), EF, and stroke volume (SV) were semiautomatically computed and the LV cavity was displayed as a 3D model. If delineation of the LV endocardial borders was unsatisfactory ( Figure 1D ), the operator manually adjusted the initial endocardial contour at the apex, septum, and mitral valve and repeated the automatic tracking throughout the cardiac cycle. Data analysis was performed by two raters who were blinded to results derived from TomTec (K.K. and U.H.).
Data Analysis with TomTec. TomTec 4DLV analysis software 2.7 (Image-Arena version 4.1; Build 4.1.1.30, TomTec, Unterschleißheim, Germany) was used to perform offline LV data analysis. All operators followed a standardized protocol for analysis of the data after interinstitutional operator training based on previous findings. 15, 19 The data sets were adjusted in order to acquire maximal long-axis dimension. Using the four-and two-chamber views as well as the apical long-axis view, the end-systolic and end-diastolic delineations were traced manually. Ventricular trabeculae and papillary muscles were included in the LV cavity. EDV, ESV, and EF were calculated semiautomatically. Manual adjustments were made to the initial endocardial contour if the delineation of the LV endocardial borders was inadequate. Without changing previously performed manual tracing, the sensitivity of the contour-finding algorithm, to separate endocardial border from noise, was set for 30 (TomTec 30 ), respectively 75 (TomTec 75 ), intensity units ( Figure 1E, 1F) . The contour-finding activity (CFA) defines the intensity of the automatic differentiation between endocardial border and noise by the software. If low values are used, the automatic contour-finding process is decreased. TomTec 75 with high contour-finding activity relies heavily on automatic geometric assumptions, whereas TomTec 30 with low CFA prioritizes manual tracing. 15 TomTec 30 was chosen for all 370 cases. During the study, we performed an interim analysis of CMR and 3DRTE data. The findings confirmed those of an earlier study on 49 subjects with and without congenital heart disease, which showed only moderate correlation of TomTec 75 with CMR. 15 Subsequently, the number of cases calculated with TomTec 75 was limited to 252 cases. Three independent raters (not involved in QLab data quantification and blinded to the results from QLab) performed the data analysis (U.B., N.R., A.H.).
CMR Imaging Acquisition and Analysis. Twenty-two healthy subjects underwent CMR with vector electrocardiography and respiratory motion gating, using a 3.0-T whole body magnetic resonance imaging system (Achieva 3.0T TX; Philips Medical Systems) equipped with parallel radiofrequency signal transmission technology to enhance image uniformity (maximum gradient performance, 80 mT/m; slew rate 200 T/m/sec). A 32-element phased-array receive-only surface coil was used for signal detection. A stack of 15-21 short-axis slices was obtained by applying a segmented, multislice, multiphase vector, electrocardiographically triggered, steady-state, free-precession gradient-echo sequence (repetition time 2.7 msec, echo time 1.35 msec, excitation angle 40 , slice thickness 5-6 mm, no slice gap, matrix size 160 Â 240, field of view 384 mm, in plane resolution, 1.6 Â 1.6 mm, 25 cardiac phases under short breath-holding periods of <12 seconds of duration). These slices were used to assess the LV and right ventricular volumes.
Offline analyses of CMR volume measurements and quantitative flow CMR data sets were performed on a workstation using the HDZ MR-Tools software package, as reported elsewhere. 15, 19 LV volumes, including papillary muscles and trabecular structures (to ensure comparability with the echocardiographic analysis), were generated from the summation of the cavity areas multiplied by the slice thickness in an algorithm for semiautomatic vessel border detection without geometric models or assumptions.
Statistical Analysis
Data Analysis with LMS. The data set includes the EDV, ESV, SV, weight, height, and age for each subject. The body surface area (BSA) was calculated using the Haycock formula, according to American Society of Echocardiography recommendations 1 : BSA (m 2 ) = 0.024265 Â height (cm) 0.3964 Â weight (kg) 0.5378 . For the computation of reference curves, the LMS method by Cole and Green was applied in the software environment R in combination with the GAMLSS package for the computation. [20] [21] [22] The indexed EDV/BSA, ESV/BSA, and SV/BSA were selected as dependent variables, with age as an independent variable. Boys and girls were considered separately, and subjects were classified according to age group, using intervals of two months for children under 6 years and six months for children between the ages of 6 and 12. Children older than 12 years were classified into groups with intervals of one year. Statistical outliers detected in each group were removed from the data set for further calculations.
For the computation of reference curves, the function of GAMLSS fits a regression model to the data. For the LMS method, the regression model is based on the Box-Cox Cole and Green distribution with the parameters L (Box-Cox power), M (median), and S (coefficient of variation). While L represents the skewness of the distribution, S defines the variation for each age group. M is the median for each group, dividing it into two parts of equal amounts.
Penalized splines were used for L, M, and S in order to create smooth percentile curves. The smoothness of the penalized splines can be configured by their degree of freedom. The goodness of fit was assessed by the global deviance that indicates the deviation between model and data. We optimized our curves considering the smoothness (degree of freedom) and the goodness of fit (global deviance). Both features are in competition, and by optimizing, we made sure to find the optimal setting satisfying both an appropriate smoothness and a low global deviance.
Comparison of LV Volumes by QLab, TomTec, and CMR. For the assessment of agreement between QLab and TomTec as well as RT3DE and CMR, the Bland-Altman analysis was used, plotting the difference versus the average of the two methods, as well as the percentage difference (%) against the absolute mean. Statistical analyses were performed with Prism GraphPad Software (Version 6, GraphPad Software, CA) for all relevant data. Significance was tested using a Wilcoxon test, and P values # .05 were considered statistically significant.
Intra-and Interobserver Variability. Intraobserver and interobserver variability was assessed in randomly selected subjects (QLab n = 36; TomTec 30 n = 33; TomTec 75 n = 21). All data sets were reanalyzed using raw data, starting with the definition of end diastole and end systole and tracing of the endocardial contours. For interobserver variability assessment, 3D data sets were processed independently by two raters, blinded to each other's measurements. For intraobserver variability, 6 months after the initial analysis, one of the evaluators blindly and randomly reprocessed the data sets. Agreement was expressed by the intraclass correlation coefficients (SPSS Version 22, SPSS, Chicago, IL) and Bland-Altman analysis (Prism GraphPad).
RESULTS
Study Subject Characteristics
Of 497 subjects enrolled, comparative analysis of LV volumes was feasible in 370 (194 male and 176 female; 74.4% feasibility). The
HIGHLIGHTS
Pediatric reference percentiles for 3D-RTE of the left ventricle are provided. Reference values are gender-specific and correlate with BSA, weight, and height. LV 3D volumes are dependent on the software algorithm used for 3D data analysis. subject characteristics are presented in Table 1 , and age distribution is shown in Figure S1 . The remaining subjects had to be excluded due to poor imaging quality or trigger artefacts (n = 116), incomplete demographic data (n = 3), or missing images (n = 8).
Percentiles
Reference values and percentiles for LV volumes generated by QLab and TomTec could be obtained from 370 healthy children. LV volumes correlated to sex, age, weight, height, and BSA. A nonlinear relationship between the LV volumes and age was noted, for example, in small children due to the altering growth process (selected scatterplots shown in Figure S2 ). For this reason, the LMS method based on penalized splines for the global range of the data was applied. The application of the LMS method resulted in smooth curves that were fitted to the data. Sex-specific percentiles for ventricular volumes indexed to BSA are shown in Figure 2 (QLab) and Figure 3 (TomTec 30 ), respectively. Reference percentile curves for absolute ventricular volumes related to age, height, weight, and BSA are computed in the supplement ( Figures S3 and  S4 ). Systolic function, as calculated by EF, is consistent from birth to puberty; mean and SD were 61.5% 6 5.1% for QLab, 62.7% 6 5.3% for TomTec 30 , and 62.0% 6 5.9% for TomTec 70 .
When indexing ventricular volumes to BSA, there is a steady rise with increasing age, reaching an initial plateau at the age of 5-7 years, using TomTec. A second plateau is found at the age of 8-11 years. SVs, as derived parameters, display the slope more prominently.
Intra-and Interobserver Variability
Intra-and interobserver variability was assessed for all software modifications separately. Intraobserver variability showed good results for QLab and TomTec 30 with a small bias of less than 2.1% (0-1.1 mL) and moderate 95% limits of agreement (LOA) ranging between 4% and 21% (Tables 2 and S1 ). Of note, TomTec 75 -despite using high automatic adjustment-showed the highest intraobserver variability for ESV with 5.5%. Interobserver variability was slightly higher, resulting in an overall bias of less than 5% (0-2.3 mL) and comparable LOA. Intraclass correlation for EDV, ESV, and SV was excellent for both QLab and TomTec with correlation coefficients between 0.91 and 0.99 (Table S1 ). Figure 1 Representative 3D data sets with excellent (A) and usable (B) image quality. Multiplanar review with a reformatted fourchamber view and corresponding two-chamber view. The yellow line depicts the automatically detected endocardial borders at end diastole using QLab. The 3D data set not requiring (C) and requiring (D) data correction at end systole using the QLab software analysis package. The 3D data set analyzed with TomTec using low (E, TomTec 30 ) and high (F, TomTec 75 ) sensitivity of contour finding. Figure 2 Gender-specific percentiles for QLab with EDV, ESV, and SV indexed to BSA in relation to age. P indicates the percentile value, e.g., P50 = 50th percentile value. Figure 3 Gender-specific percentiles for TomTec 30 with EDV, ESV, and SV indexed to BSA in relation to age. P indicates the percentile value, e.g., P50 = 50th percentile value. Table S2 ). For measurement of EF, there was no bias between the modalities, and a significant difference could not be determined (Table S2 ).
Comparison of Different Software Algorithms
QLab and TomTec 30 . Agreement between QLab and TomTec 30 was assessed in all 370 cases (Tables 3 and S2) . Bland-Altman analysis showed bias ranging from 0.8% (ESV) to 4.2% (SV), with larger values for ESV and smaller values for EDV using QLab. A significant difference (P < .001) existed for SV (calculated by the difference between EDV and ESV) and EF. The 95% LOA were relatively wide, ranging between 11% and 47%. In individual cases of very young children with small ESV, intervendor differences exceeded 50% ( Figure S5A ).
QLab and TomTec 30 -Good Quality Only. In order to examine the impact of image quality on the measurement of LV volumes, we finally compared only the data sets with excellent quality (n = 104 patients). Using these data sets, the bias for ESV was smaller, while EDV, SV, and EF showed significant differences between QLab and TomTec 30 (P < .001; Tables 3 and S2 ). The 95% LOA were moderately smaller, and, in small children, intraindividual bias of LV volumes >50% did not occur ( Figure S5B ).
QLab and TomTec 75 . Compared to TomTec 30 , the bias between QLab and TomTec 75 was significantly higher (P < .001 for ESV, EDV, SV; Table 3 ). Statistical differences for EF could not be confirmed. Figure 4 summarizes the bias and 95% LOA for intra-and interobserver as well as intertechnique variability. As the LOA for intertechnique variability were considerably larger than inter-and interobserver variability, it seems that the choice of software algorithm has a relevant influence on volume calculation.
Validation with CMR. Independent of the quantification software, LV volumes and EF were underestimated by RT3DE when compared to the gold standard CMR. Overall, we observed the smallest bias between QLab and CMR, followed by TomTec 30 and CMR. The largest differences were found between TomTec 75 and CMR. The 95% LOA showed highest deviation for SV, which is calculated from EDV and ESV (Tables 4 and S3) .
DISCUSSION
This study presents the results of a multicenter approach designed to provide normative values for LV volumes using state-of-the-art RT3DE, based on a large cohort of healthy children. We were able to provide percentiles for LV volumes for the two most commonly used quantification software programs. Considering the observed correlation of LV size and function with age, height, and weight, the percentiles provide a long-awaited comparison for users of the two software algorithms. These percentiles may play an essential role in the longitudinal as well as horizontal follow-up of pediatric patients with, for example, cardiomyopathy, LV volume load, or borderline left ventricle.
This study is the first to provide sex-and age-related nomograms on a large cohort of children. Ventricular volumes indexed to BSA demonstrated gradual enlargement from childhood to adolescence in which volumes reached plateaus before puberty at the age of 8-11 years. Children do not grow at a constant rate from year to year as they progress from neonates to young adults. Therefore, after the rapid growth during puberty, the indexed EDV did not increase further. This observation is consistent with the speediest body growth and correlates to CMR findings. 23 When computing the percentiles, a data-driven approach was used. The smoothing parameters were kept deliberately low in order to detect trends during the growth phases. This is particularly valuable when assessing the different onset and speed of growth between girls and boys. 20 As a result, the percentile curves represent the characteristic course of the data. Despite the high number of cases included in our study and the statistical design used, the number of subjects still plays a pivotal role for the creation of percentiles and may influence the shape of the curves as well.
Our data are in line with previous studies on smaller series using RT3DE and semiautomatic software analysis packages, 2, 9, 14, 24, 25 but the number of subjects studied, the age range, and the equipment used varied. This is reflected by the variation of published normal values for adolescents ranging between 57 and 72 mL/m 2 for EDV, 19 and 28 mL/m 2 for ESV, and 57% and 66% for EF. 2, 9, 24, 25 Two of the most commonly used quantification software programs were compared, and data were evaluated against CMR in a subset of patients. In concordance with previous data, 14, 15 good intra-and interobserver variability proved that these software algorithm provide reproducible measurements of LV volumes. We could also demonstrate agreement of QLab-and TomTec-derived volumes with volumes generated by CMR, despite a well-known underestimation of both RT3DE software algorithms.
In a head-to-head comparison, LV volumes derived from QLab only moderately correlated to TomTec 30 . Although bias between the vendors was low, intertechnique variability may be of particular importance. As reflected by Figure 4 , intervendor LOA exceeded those of intra-and interobserver variability, bearing in mind that measurement variability can be relevant as well. The individual differences between software algorithms can be considerably relevant especially in younger children with very small volumes. Therefore, percentiles specific for each software algorithm seem to be needed and have been calculated. Using a data-driven approach, the shape of the percentiles differed and plateaus were more pronounced in percentiles for TomTec 30 than in QLab. When data were related to age, there was a steady rise, which reached a plateau at the age of 5-7 years and a second plateau at the age of 8-11 years. The shapes of the percentiles for SVs, which are calculated volumes (SV = EDV À ESV), result from the additional effects of the plateaus found in EDV and ESV. Therefore, results obtained by different quantification software packages have to be interpreted accordingly. The clinical management of children with congenital heart disease relies on the serial assessment of LV size and function. Comparison of serial data may be not valid if different measurement algorithms have to be used. To obtain reliable and reproducible data, measurement algorithm should not be changed and software specific nomograms should be used.
Intervendor variability of both semiautomatic software packages, QLab and TomTec, has been assessed by Hascoet et al. in a group of 40 healthy pediatric subjects, revealing small biases but high LOA.
14 In a challenging study in 32 children with single ventricle, 13 QLab 8.1 was compared to TomTec 4DLV 3.0 without further specification of CFA. The reported bias between QLab and TomTec for EDV and ESV was significantly larger than in our study (Zhong et al., n = 32, relative bias 6 SD: EDV À10.7% 6 11.3%, ESV À14.9% 6 17.1%; our study: EDV À2.2% 6 17.1%, ESV 0.8% 6 23.6%), which may have been due to the different software settings and definition of endocardial border used. The most likely reasons for the reported vendor variability include endocardial border detection algorithms. 15 High automatic adjustments (TomTec 75 ), as recommended by the manufacturer, underlie stronger geometric assumptions and therefore depend only moderately on the operator and image quality. Although TomTec 30 has been shown to be more operator dependent and influenced by data set quality, 15 the use of lower automatic adjustment settings with a focus on manual tracing in our data leads to better agreement with values acquired by CMR and correlates better to CMR-derived EDV, which is an important parameter for clinical decision making in pediatric cardiology. In addition, image quality plays a pivotal role. Both types of software track the endocardial surface of the LV throughout the cardiac cycle and consequently depend on image quality. Our data confirm findings shown in adults that poor image quality is associated with less agreement and greater bias. 26 Although data sets with relevant artefacts or incomplete image depiction were excluded, we tried to process as much data as possible in order to test feasibility in routine clinical practice, which might explain the high intervendor differences in several individual patients. In fact, Bland-Altman analysis of data with excellent imaging quality (104 subjects) did not reveal extreme outliers, but intervendor variability and individual differences between both software types remained. Finally, in small children with high heart rates, spatial and temporal resolution influences accurate determination of true ESV and EDV and may explain the high bias in this group. This is concordant with the fact that bias and LOA in our study are slightly higher than those reported in prior studies on older children 14 or adults. 27 In our study, we intended to minimize data variability by using ultrasound scanners and transducers of the same type and from the same vendor, testing the performance of the individual ultrasound machines by static tissue mimicking as well as moving phantoms, 16 ,17 the definition of similar presets for data acquisition, and the qualification and training of sonographers and readers. Nevertheless, operator experience on data acquisition and analysis plays an important role. 28 In order to determine the agreement between RT3DE and the gold standard technique, results of both software types were compared to CMR. Previous studies confirmed a correlation between volumes derived from RT3DE and CMR, 8, 10, 11, 15, 27, [29] [30] [31] as long as intermodality differences are considered. 12, 32 As in all previous studies, RT3DE tends to underestimate volumes obtained by CMR, and EDV was underestimated by a greater degree than ESV. 2, 8, 26, 27, 32 Still QLab as well as TomTec 30 showed the closest correlation to CMR data.
Limitations
Despite an already high number of subjects, creation of percentiles is characterized by statistical assumptions, and further studies may be needed to validate the quality of created percentiles. In addition, the ideal measure of body size to be related to the volumetric variables has to be defined and may not be height, weight, or BSA. 23 Three-dimensional echocardiography and CMR were obtained within one day, but not simultaneously, and therefore LV volumes and EF may be affected by prolonged breath holding or sympathetic stimulation due to stress under CMR examination. In addition, CMR was obtained in a small number of volunteers but, for ethical reasons, not on neonates or smaller children. In our previous studies, the accuracy of RT3DE for quantification of small volumes was assessed by static as well as moving small phantoms. 16 Children with acquired or congenital heart disease were excluded from this study, as we sought to build normative percentiles. In order to assess intervendor differences in hearts with altered geometry, further studies in children with congenital heart disease are needed.
CONCLUSION
The calculation of LV dimensions on RT3DE by semiautomated border detection software is feasible and allows reproducible and noninvasive evaluation of LV volumes and EF in pediatric cardiology.
This study provides percentiles of RT3DE for LV volumes as a reference for all users of the vendor-specific software QLab, as well as the vendor-independent TomTec. Furthermore, in a large cohort of healthy children, it has been shown that 3DE quantification can be influenced by the analysis package and software settings used. Therefore, results obtained by different quantification software algorithms have to be interpreted accordingly. For longitudinal followup, as well as cross-sectional series in practice and research, software-specific nomograms should be used. Figure 4 Intra-and interobserver-variability in relation to intervendor variability. The plots depict the relative bias (box) and 95% LOA (bars) in percents. LOA for intervendor variability for ESV (A), EDV (B), and SV (C) are larger than inter-and intraobserver variability. Figure S1 Sex and age distribution, study group differentiated between boys and girls.
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Figure S2
Gender-specific (blue = male, red = female) scatterplots for LV indices generated by QLab (A) and TomTec 30 (B) correlated to age. Figure S3 Gender-specific percentiles for QLab: EDV, ESV, and SV in relation to age, height, weight, and BSA (Haycock). P indicates the percentile value, e.g., P50 = 50th percentile value. Figure S5 Bland-Altman plots by RT3DE using Qlab 9.0 and TomTec with low CFA (TomTec 30 ) derived from data sets of 370 healthy children (A) and data sets with good quality only (n = 104) (B). 
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